•
Premise of the study: The tropical tree family Lecythidaceae has enormous ecological and 24 economic importance in the Amazon basin. Lecythidaceae species can be difficult to 25 identify without molecular data, however, and phylogenetic relationships within and 26 among the most diverse genera are poorly resolved. 27
• Methods: To develop informative genetic markers for Lecythidaceae, we used genome 28 skimming to assemble de novo the full plastome of the Brazil nut tree (Bertholletia 29 excelsa) and 23 other Lecythidaceae species. Indices of nucleotide diversity and 30 phylogenetic signal were used to identify regions suitable for genetic marker 31 development. 32
• Results: The B. excelsa plastome contained 160,472 bp and was arranged in a 33 quadripartite structure. Using the 24 plastome alignments, we developed primers for 10 34 coding and non-coding DNA regions containing exceptional nucleotide diversity and 35 phylogenetic signal. We additionally developed 19 chloroplast simple sequence repeats 36 (cpSSRs) for population-level studies. 37
• Discussion: The coding region ycf1 and the spacer rpl16-rps3 outperformed plastid DNA 38 markers previously used for barcoding and phylogenetics. Used in a phylogenetic 39 analysis, the matrix of 24 plastomes showed with 100% bootstrap support that Lecythis 40
and Eschweilera are polyphyletic. The plastomes and primers presented in this study will 41 facilitate a broad array of ecological and evolutionary studies in Lecythidaceae.
INTRODUCTION 46
Lecythidaceae (sensu latu) is a pantropical family of trees with three subfamilies: 47 indicating a need to develop more informative markers and/or increase molecular sampling. 80
The main objectives of this study were to (1) assemble, annotate, and characterize the first 81 complete plastome sequence of Lecythidaceae, from the iconic Brazil nut tree Bertholletia 82 excelsa;
(2) obtain a robust backbone phylogeny for the Neotropical clade using newly-83 assembled draft plastome sequences for an additional 23 species; and (3) develop a novel set of 84 informative molecular markers for DNA barcoding and broader evolutionary studies. 85
METHODS

86
Plant material and DNA library preparation-We performed genomic skimming on 87 24 Lecythidaceae species, including 23 Lecythidoideae and one outgroup species (Barringtonia 88 edulis Seem.) from the Planchonioideae. The sampling included all 10 Lecythidoideae genera 89 (Appendix 1). Silica-dried leaf tissue from herbarium-vouchered collections was collected by 90 Scott Mori and colleagues and loaned by the New York Botanical Garden. Total genomic DNA 91 was extracted from 20 milligrams of dried leaf tissue using the NucleoSpin Plant II extraction kit 92 (Machery-Nagel, Bethlehem, PA, USA) with SDS lysis buffer. Prior to DNA library preparation, 93 5 micrograms of total DNA were fragmented using a Covaris S-series sonicator (Covaris, Inc. 94
Woburn, MA, USA), following the manufacturer's protocol, to obtain ca. 300 bp insert-sizes. We 95 prepared the sequencing library using the NEBNext DNA library Prep Master Mix and Multiplex 96
Oligos for Illumina Sets (New England BioLabs Inc. Ipswich, MA, USA) according to the 97 manufacturer's protocol. Size-selection was carried out prior to PCR using Pippin Prep (Sage 98 (Schmieder and Edwards, 2011) , which trimmed 5' and 3' sequence ends with Phred quality 107 score <20 and removed all trimmed sequences <50 bp in length, with >5% ambiguous bases, or 108 with mean Phred quality score <20. A combination of de novo and reference-guided approaches 109 were used to assemble the plastomes. First, chloroplast reads were separated from the raw read 110 pool by Blast-searching all raw reads against a database consisting of all complete angiosperm 111 plastome sequences available on GenBank (accessed in 2014). Any aligned reads with an e-value 112 <1 -5 were retained for subsequent analysis. The filtered chloroplast reads were de novo 113 assembled using Velvet v.7.0.4 (Zerbino and Birney, 2008) with kmer values of 71, 81, and 91 114 using a low-coverage cutoff of 5 and minimum contig length of 300. The assembled contigs were 115 then mapped to a reference genome (see below) using Geneious v. R8 (Kearse et al., 2012) to 116 determine their order and direction using the reference-guided assembly tool with medium 117 sensitivity and iterative fine-tuning options. Finally, raw reads were iteratively mapped onto the 118 draft genome assembly to extend contigs and fill gaps using low-sensitivity reference-guided 119 assembly in Geneious. We first assembled the draft genome of Bertholletia excelsa; the 120 plastomes of the remaining 23 species were assembled subsequently using the plastome of B. Taking into account that DNA barcodes can also be used in phylogenetic analyses and 141 because regions with high π do not necessarily have high phylogenetic signal (e.g. unalignable 142 hypervariable regions), we employed a log-likelihood approach modified from Walker et al. 143
(2017) to identify phylogenetically influential regions. First, we inferred a phylogenetic tree with 144 the plastome alignment (including only one inverted repeat) by performing 100 independent 145 maximum likelihood (ML) searches using a GTRGAMMA model with RAxML v. 8.2.9 plastome phylogeny and calculated their differences site-wise to the averaged log-likelihood per 150 site of 1000 randomly permuted trees (tips were randomly shuffled). Log-likelihood scores were 151 calculated with RAxML under using a GTRGAMMA model. The site-wise log-likelihood 152 differences (LD) were calculated using 600 bp non-overlapping windows with a custom R script 153 (see below). We interpreted greater LD as an indication of greater phylogenetic signal, and 154 windows with LD above the 95 th percentile were considered to have exceptional phylogenetic 155 signal. 156
Primers flanking the top ten regions with high π were designed using Primer 3 with 157 default program options. We employed a maximum product size of 1300 bp because lower 158 cutoffs values (i.g. 600 bp) made the primer design extremely challenging due to the lack of 159 conserved regions. Primers were designed to amplify across all 23 Neotropical species without 160 the use of degenerate bases. However, primers with a small number of degenerate bases were 161 permitted for some regions where primer development otherwise would not have been possible 162 due to high sequence variability in the priming sites. We investigated the potential of our markers 163 to produce robust phylogenies by calculating individual gene trees in RAxML v.8.2.9 in an ML 164 search with 100 rapid bootstraps (option "-f a") using the GTRGAMMA model. To evaluate the 165 number of markers needed to obtain a resolved tree with an average of ~90 bootstrap support 166 (BS), we first concatenated the two markers with the highest π and inferred a tree; subsequently 167 we added the marker with the next highest π score. We iterated this process until we obtained a 168 matrix with each of the 10 markers developed. For every tree obtained, we calculated its average 169
RESULTS
174
Lecythidaceae plastome features-The sequenced plastome of Bertholletia excelsa 175 contained 160,472 base pairs and 115 genes, of which 4 were rRNAs and 30 were tRNAs ( Fig. 1 , 176 Table 1 ). The arrangement of the B. excelsa plastome had a typical angiosperm quadripartite 177 structure with a single copy region of 85,830 bp, a small single copy region of 16,670 bp, and 178 two inverted of repeats of 27,481 bp each. Relative to Camellia sinensis var. pubilimba, we found 179 no gene gain/losses in B. excelsa. The only structural difference found is that B. excelsa contains 180 the sequential genes trnH-GUG, rps3, rpl22, and rps19 in the inverted repeat while C. sinensis 181 var. pubilimba contains these genes in the large single copy region. Similarly, no gene gain/losses 182 are found when B. excelsa is compared to other neotropical Lecythidaceae plastomes assembled 183 herein ( Table 2 ). In addition to B. excelsa, the plastome of Eschweilera alata was also completely 184 assembled; the coverage for the remaining plastomes ranged between 85% and 99.60% 185 (Appendix 1). 186
Identification of molecular markers-Within the plastome of Bertholletia excelsa we 187
found 23 cpSSRs, 22 of which were in non-coding regions and one in the ndhD coding region. 188
We designed 19 primer pairs with an acceptable product length, annealing temperature, and GC 189 content for cpSSRs located in noncoding regions (Table 3 ). π exceeded the 95 th percentile for 190 nine 600 bp windows ( Fig. 2A , Table 4 , 5). Similarly, 13 windows were over the 95 th percentile 191 for LD ( Fig. 2B , Table 4 , 5) indicating high phylogenetic signal. While most of the informative π and LD. As expected, high π and greater LD largely agreed. 194
Based on the rank of the windows obtained for π , we developed primers for the following regions 195 (ordered from high to low π ): ycf1, rpl16-rps3, psbM-trnD, ccsA-ndhD, trnG-psaB, petD-rpoA, 196 psbZ-trnfM, trnE-trnT, and trnT-psbD (Table 6) . 197
Phylogenetics of the plastomes and the developed markers-The ML analysis of the 198
plastome alignment for Lecythidaceae (145,487 sites) yielded a fully resolved phylogeny with 199 high BS for all clades ( Fig. 3 ). Of the genera in which the sampling included multiples species, 200
Eschweilera and Lecythis were polyphyletic, while Allantoma, Corythophora, Couratari, and 201
Gustavia were monophyletic (Bertholletia is monospecific, and only one species of Couroupita, 202
Cariniana, and Grias were included in the analysis). The trees obtained from individual markers 203 with high π had an average BS of 73 throughout their nodes, while the trees obtained from two or 204 more concatenated regions had an average BS of 89 ( Fig. 4A, Fig. S1 ). None of the gene trees, 205 single or combined ( Fig. S1 ), recovered the topology obtained using the complete plastome 206 matrix (none of the gene trees obtained a RF=0, Fig. 4B ). In general, matrices with concatenated 207 markers (mean RF=6) outperformed single markers (mean RF = 13.8) ( Fig. 4B ). 208
DISCUSSION
209
Genetic markers from the Lecythidaceae plastome-We are publishing the first full 210 plastome for Lecythidaceae, including high-depth coverage of the Brazil nut tree, Bertholletia 211 excelsa, and 23 draft genomes representing all Lecythoideae genera and a Paleotropical outgroup 212 taxon. We found no significant gene losses or major rearrangements when the plastome of 213 plastomes. All nodes in our topology had 100% bootstrap support except for a node that connects 217 three closely related species of Eschweilera (Fig. 3 Phylogenetic trees calculated from concatenated marker sets (based on the π rank) 234 outperformed single regions in terms of support (BS) and accuracy (RF) (Fig. 4) . In fact, tree 235 topologies using single markers deviated from the complete plastome tree (mean RF= 13.8). The 236 best performing concatenated matrix contained all 10 regions for which we developed primers. 237
However, the combination of ycf1 and rpl16−rps3 produced an average BS ~90 (Fig. 4A) with 238 reasonable accuracy (RF = 4, Fig. 4B ); we conclude that these two regions, amplified in three Lecythidaceae. Although barcoding efficiency in species-rich clades (i.e. Eschweilera/Lecythis) 241 might decline with the addition of more samples, ycf1 and rpl16−rps3 effectively distinguished 242 between three closely-related species within the E. parvifolia clade (see branch lengths in Fig.  243   S1 ), suggesting that these markers might effectively distinguish between many other closely 244 
